Abstract: Thermoelectric power generation using human body heat can be applied to wearable sensors, and various applications are possible. Because the thermoelectric generator (TEG) is highly dependent on the thermoelectric material, research on improving the performance of the thermoelectric material has been conducted. Thus far, in developing thermoelectric materials, the researchers have focused on improving the figure of merit, ZT. For a TEG placed on the human body, however, the power density does not always increase as the material ZT increases. In this study, the material properties and ZT of P-type BiSbTe 3 were simulated for carrier concentration ranging from 3 × 10 17 to 3 × 10 20 cm −3 , and the power density of a TEG fabricated from the material dataset was calculated using a thermoelectric resistance model for human body application. The results revealed that the maximum ZT and the maximum power density were formed at different carrier concentrations. The material with maximum ZT showed 28.8% lower power density compared to the maximum obtainable power density. Further analysis confirmed that the mismatch in the optimum carrier concentration for the maximum ZT and maximum power density can be minimized when a material with lower thermal conductivity is used in a TEG. This study shows that the ZT enhancement of materials is not the highest priority in the production of a TEG for human body application, and material engineering to lower the thermal conductivity is required to reduce the optimum point mismatch problem.
Introduction
Thermoelectric generators (TEGs), which convert waste heat into electricity, are one of the most promising energy harvesting devices [1] . In particular, thermoelectric power generation from human body heat is becoming a promising field as it can be applied to Internet of Things (IoT) and wearable electronics [2] . It has been reported that thermoelectric devices can generate around 30 µW/cm 2 of power when they are attached to the human body [3] , and that level of power can drive low-power chips such as sensors in wearable devices [4, 5] . As higher power density generation is always desirable, various studies have been carried out to improve the device performance.
Many efforts have been made toward enhancing the figure of merit (ZT) values in several existing TE material classes for applications in varied temperature ranges, including silicides [6] , half-Heuslers [7, 8] , and tellurides (e.g., of Bi [9] , Pb [10, 11] and Ge [12, 13] ). On the other hand, from the Appl. Sci. 2017, 7, 1015 2 of 12 perspective of device engineering, it is important to increase the output power. The maximum efficiency of power generation is one of the most frequently used indicators for device performance because it represents generated power per unit of heat flux. The equation of power generation efficiency is shown below [14, 15] .
where T h and T c are the temperatures at the hot and cold side of the device, respectively, and Z dev T is the ZT of the device. As shown in the Equation (1), generated power from the device is increased with Z dev T for constant input heat flux. In the practical situation, the Z dev T changes depending on the contact resistance in the device [16] , the thermal parasitic resistance [17] , etc. All of these factors, however, are negligible in the ideal case and the material ZT is a more dominant factor that affects Z dev T. If the condition is ideal and the N and P type of thermoelectric leg (TE leg) have the same properties, Z dev T is exactly the same as material ZT [14] . Therefore, improving the performance of the thermoelectric material is the best way to improve the performance of the thermoelectric device. This is consistent with existing research on thermoelectric materials that focus on increasing material ZT. For the TEG placed on the human body, however, heat flux passing through the thermoelectric (TE) material is not constant. Thus, the output power of the device placed on the human body is not proportional to the power generation efficiency and ZT is no longer the only factor that increases the output power. Leonov et al. suggested a thermal resistance model of thermoelectric generation on the human body [18] . In the model, the thermal resistance outside of the device is large enough, thus the thermal resistance of the device is negligible and heat flux through the device changes as the material or the structure of the device changes.
Various studies have confirmed that output power can be changed by structural variation even though the devices are made of the same thermoelectric material. The optimum conditions regarding device structure have been studied to generate maximum power density on the human body. Variables related to the device structure and the environment such as the fill factor and the TE leg height were optimized for human body application [19] [20] [21] [22] .
On the other hand, in human body applications, few studies on material engineering for higher power density have been reported. In general, the performance of the thermoelectric materials can be improved by such processes as doping [23] , polycrystalline grain size control [24] , superlattice period control [25] , etc. These engineering techniques change the three main properties of the TE material: the Seebeck coefficient (α), the electrical conductivity (σ), and the thermal conductivity (κ). These properties trade off against each other, as shown in the equation of ZT = (α 2 σT)/κ [26] . As a result, the material engineering techniques reported to date are aimed at finding the maximum point of the ZT.
Mayer et al. confirmed the importance of material thermal conductivity in a heat sink-limited condition [26] . Suarez et al. showed that when the material ZT is fixed, as the thermal conductivity of the material decreases, power density generated from body heat increases [20] . However, while this result emphasizes the importance of material thermal conductivity in device simulations, it does not suggest how this affects the engineering of the materials.
In this study, an experiment was conducted based on P-type BiSbTe 3 which is commercially used for a room temperature condition [27] . Material properties of the P-type BiSbTe 3 according to carrier concentration were extracted, and then the power density of the device was calculated for each material property. The material properties were simulated by using first-principles calculations [28] , and the power density was calculated based on the thermal resistance model in the human body application. The results showed that the optimum carrier concentration for ZT and power density were different. In this study, the cause of the discrepancy between the carrier concentrations for the maximum ZT and the maximum power density in the human body application was analyzed and a theoretical approach for material engineering was proposed in order to reduce this mismatch.
Materials and Methods
A simulation based on the composition ratio and the lattice structure of materials was carried out to obtain the physical properties according to carrier concentration. A device simulation with the material properties was then performed to calculate the power density in the human body application.
Thermoelectric Material Simulation
To simulate the P-type BiSbTe 3 , the structural coordinates of Sb 2 Te 3 (R−3 m, 166) were built, which are reported in inorganic crystal structure databases [29] . As shown in Figure 1a , three layers of Sb were substituted as Bi in the 2 × 2 × 1 supercell of Sb 2 Te 3 (totally 60 atoms) [30] . The Bi 5d, 6s and 6p, Sb 4d, 5s and 5p, and Te 5s and 5p electrons were treated as valence electrons. The Vienna ab initio simulation package (VASP) [31] was used for the Density Functional Theory (DFT) calculations using the projector augmented wave (PAW) method [32] and the Perdew-Burke-Ernzerhof (PBE) functional [33] . The cutoff energy of the basis set was set to 550 eV. The energy and the force of the ions were converged within 10 −5 eV and 10 −3 eV/Å, respectively. The k-point meshes were set to 5 × 5 × 5 by the Monkhorst-Pack method [34] . The electronic thermal conductivity, electrical conductivity, and Seebeck coefficient were estimated by solving the Boltzmann Transport Equation (BTE) with Relaxation Time Approximation (RTA) [35, 36] using BoltzTraP code [37] . A constant relaxation time was used for the calculations to match the result with the experimental electrical resistivity of the Bi 0.5 Sb 1.5 Te 3 at carrier concentration of 2 × 10 21 cm −3 . The lattice thermal conductivity was also taken from the experimental value of Bi 0.4 Sb 1.6 Te 3 [38] . Appl. Sci. 2017 , 7, 1015 3 of 12
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To simulate the P-type BiSbTe3, the structural coordinates of Sb2Te3 (R−3 m, 166) were built, which are reported in inorganic crystal structure databases [29] . As shown in Figure 1a , three layers of Sb were substituted as Bi in the 2 × 2 × 1 supercell of Sb2Te3 (totally 60 atoms) [30] . The Bi 5d, 6s and 6p, Sb 4d, 5s and 5p, and Te 5s and 5p electrons were treated as valence electrons. The Vienna ab initio simulation package (VASP) [31] was used for the Density Functional Theory (DFT) calculations using the projector augmented wave (PAW) method [32] and the Perdew-Burke-Ernzerhof (PBE) functional [33] . The cutoff energy of the basis set was set to 550 eV. The energy and the force of the ions were converged within 10 −5 eV and 10 −3 eV/Å, respectively. The k-point meshes were set to 5 × 5 × 5 by the Monkhorst-Pack method [34] . The electronic thermal conductivity, electrical conductivity, and Seebeck coefficient were estimated by solving the Boltzmann Transport Equation (BTE) with Relaxation Time Approximation (RTA) [35, 36] using BoltzTraP code [37] . A constant relaxation time was used for the calculations to match the result with the experimental electrical resistivity of the Bi0.5Sb1.5Te3 at carrier concentration of 2 × 10 21 cm −3 . The lattice thermal conductivity was also taken from the experimental value of Bi0.4Sb1.6Te3 [38] .
(a) (b) Figure 1 . (a) Crystal structure of P-type BiSbTe3 (b) Thermal resistance model of the human body application. Peltier effect and load matching were considered. Rt,air, Rt,teg, and Rt,body are thermal resistances of air, thermoelectric generator (TEG), and body, respectively. Tair is ambient temperature and Tbody is core temperature of the body. Qj is Joule heat generated by current through the device, and Qpeltier is heat flux generated by the Peltier effect. Figure 2 shows the data obtained from the simulation and the ZT graph at room temperature (300 K) at each carrier concentration. The data were extended through curve fitting for further analysis. As theoretically suggested, the thermal conductivity and the electrical conductivity increase with the carrier concentration while the Seebeck coefficient decreases and the ZT has a maximum at around 10 19 cm −3 . Peltier effect and load matching were considered. R t,air , R t,teg , and R t,body are thermal resistances of air, thermoelectric generator (TEG), and body, respectively. T air is ambient temperature and T body is core temperature of the body. Q j is Joule heat generated by current through the device, and Q peltier is heat flux generated by the Peltier effect. Figure 2 shows the data obtained from the simulation and the ZT graph at room temperature (300 K) at each carrier concentration. The data were extended through curve fitting for further analysis. As theoretically suggested, the thermal conductivity and the electrical conductivity increase with the carrier concentration while the Seebeck coefficient decreases and the ZT has a maximum at around 
Device Simulation in the Human Body Application
A thermal resistance model based on human body application was constructed in order to calculate the power density of the device that consists of the material from the simulation. A thermal resistance model based on previous studies [18, 20] was used, as shown in Figure 1b . The Peltier effect and load matching were considered while Joule heat was negligible in the model.
Under steady-state conditions, the maximum power density at the matched load derived from the model is given by the following equation. 
t teg body air 
Under steady-state conditions, the maximum power density at the matched load derived from the model is given by the following equation.
where
Here, N is the number of TE leg couples and α is the Seebeck coefficient of one couple. R TEG and R L are electrical resistances of the TEG and matched load, respectively.
The power density according to the carrier concentration obtained from the material data and Equation (2) was compared with the ZT of the material. The N-type and P-type materials used in the device simulation are assumed to have identical properties to make device ZT the same as material ZT. The conditions related to the device structure are listed in Table 1 . Table 1 . Variables related to the device structure. All variables were applied to values that could be used in a human body application. These conditions are based on a device that can be used in practical applications on the human body. The fill factor (FF) is lower than that of commercial devices because the optimum FF in the human body application is much lower than the FF of commercial devices [20] . Table 2 shows the conditions related to environments of human body application. The heat transfer coefficient of air corresponds to the natural convection condition in a typical indoor environment. 
Variables Values

Carrier Concentration Difference between Maximum ZT and Maximum Power Density
In previous research, it was shown that low thermal conductivity is advantageous for energy harvesting on the human body while the ZT remains at the same value [20] . However, in the practical engineering of a material, such as doping level control, ZT also changes while the thermal conductivity is adjusted [39] . Therefore, in order to understand the optimal engineering direction of the thermal conductivity, a device simulation to find the optimum point of the power density should be performed concurrently.
The material ZT of P-type BiSbTe 3 and the power density of the device according to carrier concentration are shown in Figure 3 . Figure 3 shows that the maximum point of ZT and the power density are misaligned. When the material is engineered at the concentration that maximizes ZT as the conventional methods do, the device made of the material generates 28.8% less power density than the maximum power density. As shown in Figure 3 , the optimal point of the power density is shifted to the left from the optimal point of the ZT. As shown in Equation (2), among the variables that affect the power density, the three key properties of the ZT are the only factors that are controlled by the carrier concentration. Among the three properties, it can be inferred that the thermal conductivity has a stronger influence on the power density than the ZT. Since the left side of the graph means lower thermal conductivity of the material, this interpretation is consistent with the existing theory that low thermal conductivity is more advantageous for energy harvesting on the human body [26] .
Power Density for Different Thermal Conductivity
Device simulations were conducted for different materials with different thermal conductivity distributions in order to verify that the discrepancy between the concentrations of the maximum power density and the maximum ZT is caused by the thermal conductivity. Materials A, B, and C were obtained by multiplying the thermal conductivity and electrical conductivity of the previously simulated P-type BiSbTe3 material (Material D) by 0.4, 0.6, and 0.8, respectively. In this case, the ZT distribution of materials A, B, and C is assumed to remain the same as that of material D because the thermal conductivity change in the denominator of the ZT equation can be compensated for by electrical conductivity in the numerator. Figure 4a shows the ZT and thermal conductivity distribution according to the carrier concentration of each material. The power density values of the device for materials A, B, C, and D are shown in Figure 4b . The distribution of power density changed with the change of the thermal conductivity of the material, although ZT is the same. As the thermal conductivity decreases, the power generation of the device increases on the human body, which is consistent with the result of Suarez et al. However, it is observed that the carrier concentration of maximum power density approaches that of the maximum ZT as the material thermal conductivity becomes lower.
Therefore, in order to compensate for the power loss caused by the high thermal conductivity at the ZT maximum point, the carrier concentration of the maximum power density needs to shift to the left by reducing the thermal conductivity, although ZT decreases. If the thermal conductivity is low enough at the ZT maximum point, as with material A, the maximum point of power density is barely shifted.
As a result, in order to use the thermoelectric material to harvest human body heat, it is necessary to design a material at the optimum carrier concentration calculated from the device simulation, rather than engineering it at the maximum ZT. However, if the thermal conductivity of the material is distributed below a certain value, a shift of maximum power density is hardly observed. In this As shown in Figure 3 , the optimal point of the power density is shifted to the left from the optimal point of the ZT. As shown in Equation (2), among the variables that affect the power density, the three key properties of the ZT are the only factors that are controlled by the carrier concentration. Among the three properties, it can be inferred that the thermal conductivity has a stronger influence on the power density than the ZT. Since the left side of the graph means lower thermal conductivity of the material, this interpretation is consistent with the existing theory that low thermal conductivity is more advantageous for energy harvesting on the human body [26] .
Device simulations were conducted for different materials with different thermal conductivity distributions in order to verify that the discrepancy between the concentrations of the maximum power density and the maximum ZT is caused by the thermal conductivity. Materials A, B, and C were obtained by multiplying the thermal conductivity and electrical conductivity of the previously simulated P-type BiSbTe 3 material (Material D) by 0.4, 0.6, and 0.8, respectively. In this case, the ZT distribution of materials A, B, and C is assumed to remain the same as that of material D because the thermal conductivity change in the denominator of the ZT equation can be compensated for by electrical conductivity in the numerator. Figure 4a shows the ZT and thermal conductivity distribution according to the carrier concentration of each material. The power density values of the device for materials A, B, C, and D are shown in Figure 4b . The distribution of power density changed with the change of the thermal conductivity of the material, although ZT is the same. As the thermal conductivity decreases, the power generation of the device increases on the human body, which is consistent with the result of Suarez et al. However, it is observed that the carrier concentration of maximum power density approaches that of the maximum ZT as the material thermal conductivity becomes lower.
As a result, in order to use the thermoelectric material to harvest human body heat, it is necessary to design a material at the optimum carrier concentration calculated from the device simulation, rather than engineering it at the maximum ZT. However, if the thermal conductivity of the material is distributed below a certain value, a shift of maximum power density is hardly observed. In this case, the power density at the carrier concentration of the maximum ZT is close to the maximum power density.
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Device Structure and Environment Variation
Fill Factor Variation
For a TEG placed on the human body, the area of the material compared to the entire area of the device is optimized to balance the temperature difference across the device and the power factor of the material, which is called the optimum fill factor (FF). The analyses above were conducted with the condition of FF = 10%.
In general, materials based on Bismuth Telluride have high thermal conductivity and therefore have a very low optimum FF [19, 20] . As shown in Figure 5b , the optimum FF of a given material A-D is always below 10%. On the other hand, in order to utilize thermoelectric elements in power generation applications, a sufficiently high output voltage must be ensured [40] . Since 1 couple of TE legs cannot generate more than 1 mV for 1 K of temperature difference, a thermoelectric device should have many TE legs, which increases the fill factor of the device. In addition, considering the stability of the device structure, the actual device should be fabricated with larger FF than the optimum FF. Therefore, in practical applications, the FF should be more than 10%.
As shown in Figure 5a , the tendency of the maximum power density increasing with lower thermal conductivity is always maintained. Figure 5b shows the difference in the optimum carrier concentration between ZT and power density. The thick dashed line indicates the carrier concentration at the maximum ZT, and the carrier concentration at the maximum power density is always located below it. In addition, the difference becomes smaller for a lower thermal conductivity material and smaller for a lower FF, but the tendency is still maintained even if the FF changes within the fabrication conditions of the practical device. 
Device Structure and Environment Variation
Fill Factor Variation
Copper Electrode Thickness Variation
Although it has been confirmed that the difference in the optimum carrier concentration between the material ZT and the device power density is influenced by the thermal conductivity, it is necessary to confirm the influence of changes of the device structure. The copper pad in the device is used as an interconnection between the thermoelectric materials, and when the copper pad is too thin, it degrades the ZT of the device [16] . As shown in Figure 6 , when the copper is thickened, the copper resistance decreases and the power density of the device increases slightly. Figure 6 shows the maximum power density according to the carrier concentration with copper thickness variation for the two materials A and D, presented in Figure 4 , which have different thermal conductivities. In the case of Figure 6a , the power density is calculated by changing the copper thickness in the device using material D, which has high thermal conductivity. The optimum carrier concentration of maximum power density shifted more than that of material A, which has relatively low thermal conductivity, as shown in Figure 6b . In other words, when a material having a low thermal conductivity is used, the optimum point is close to ZT and the stability against copper pad thickness change is improved.
Convection Environment Variation
In addition to device parameters, changes in the external environment also affect the power density of the device. In the case of a human body application, the thermal resistance between the 
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Although it has been confirmed that the difference in the optimum carrier concentration between the material ZT and the device power density is influenced by the thermal conductivity, it is necessary to confirm the influence of changes of the device structure. The copper pad in the device is used as an interconnection between the thermoelectric materials, and when the copper pad is too thin, it degrades the ZT of the device [16] . As shown in Figure 6 , when the copper is thickened, the copper resistance decreases and the power density of the device increases slightly. 
Although it has been confirmed that the difference in the optimum carrier concentration between the material ZT and the device power density is influenced by the thermal conductivity, it is necessary to confirm the influence of changes of the device structure. The copper pad in the device is used as an interconnection between the thermoelectric materials, and when the copper pad is too thin, it degrades the ZT of the device [16] . As shown in Figure 6 , when the copper is thickened, the copper resistance decreases and the power density of the device increases slightly.
(a) (b) Figure 6 . The power density distribution of (a) material D and (b) material A based TEG with variation of the copper thickness Figure 6 shows the maximum power density according to the carrier concentration with copper thickness variation for the two materials A and D, presented in Figure 4 , which have different thermal conductivities. In the case of Figure 6a , the power density is calculated by changing the copper thickness in the device using material D, which has high thermal conductivity. The optimum carrier concentration of maximum power density shifted more than that of material A, which has relatively low thermal conductivity, as shown in Figure 6b . In other words, when a material having a low thermal conductivity is used, the optimum point is close to ZT and the stability against copper pad thickness change is improved.
Convection Environment Variation
In addition to device parameters, changes in the external environment also affect the power density of the device. In the case of a human body application, the thermal resistance between the Figure 6 shows the maximum power density according to the carrier concentration with copper thickness variation for the two materials A and D, presented in Figure 4 , which have different thermal conductivities. In the case of Figure 6a , the power density is calculated by changing the copper thickness in the device using material D, which has high thermal conductivity. The optimum carrier concentration of maximum power density shifted more than that of material A, which has relatively low thermal conductivity, as shown in Figure 6b . In other words, when a material having a low thermal conductivity is used, the optimum point is close to ZT and the stability against copper pad thickness change is improved.
In addition to device parameters, changes in the external environment also affect the power density of the device. In the case of a human body application, the thermal resistance between the core of the body and the TEG does not change, but the thermal resistance of TEG to air changes dramatically depending on the convection environment such as wind speed or heatsink structure [20, 27, 41, 42] . It is necessary to investigate whether this external environment change affects the optimum carrier concentration of the power density. Figure 7a shows the results of calculating the power density according to the convective heat transfer coefficients h air , which affects the thermal resistance from TEG to air. As h air increases, the power density increases sharply due to the rapid decrease of the external thermal resistance. At the same time, the carrier concentration of maximum power density also shifts to the right. Because the proportion of the device thermal resistance to the thermal resistance of the entire system is increased, the power density according to the carrier concentration behaves as if the thermal resistance of the material increases.
core of the body and the TEG does not change, but the thermal resistance of TEG to air changes dramatically depending on the convection environment such as wind speed or heatsink structure [20, 27, 41, 42] . It is necessary to investigate whether this external environment change affects the optimum carrier concentration of the power density. Figure 7a shows the results of calculating the power density according to the convective heat transfer coefficients hair, which affects the thermal resistance from TEG to air. As hair increases, the power density increases sharply due to the rapid decrease of the external thermal resistance. At the same time, the carrier concentration of maximum power density also shifts to the right. Because the proportion of the device thermal resistance to the thermal resistance of the entire system is increased, the power density according to the carrier concentration behaves as if the thermal resistance of the material increases.
In the environment where a temperature difference is forcibly applied, the power density should show the same tendency as the power factor. Since the carrier concentration of the maximum power factor is always higher than that of the ZT [14] , the maximum power density can be located at the right of the maximum point of ZT when the external thermal resistance becomes small enough. However, this case is not likely to occur even if hair is extremely high because the thermal resistance between the body core and the TEG is sufficiently large in the human body application. 
Discussion
Since the power generation efficiency of a thermoelectric device increases with the ZT of the device, it has been generally considered that an increase of the output power is also accompanied by an increase in ZT. However, the human body applications and related thermal model are different from the general applications of a thermoelectric generator. The condition for high power density is also changed. To date, research has suggested that the power generation on the human body increases as the thermal conductivity of TE materials is reduced while the ZT is maintained. However, there has been no suggestion for the direction of material engineering to obtain higher power output in human body applications. Therefore, maximizing the material ZT is still considered the only way to raise the device performance.
As an example of material engineering through doping, this study shows that the carrier concentration of maximum ZT can be different from the carrier concentration of the maximum power density on the human body. Since the shift direction of the power density graph is always to the left, which means lower thermal conductivity, the cause of this difference is considered to be the high thermal conductivity of the thermoelectric material in the device. In order to confirm this, the power density was calculated for various materials with different thermal conductivities. As a result, the difference in the carrier concentration between ZT and power density was reduced for materials with lower thermal conductivity. In the environment where a temperature difference is forcibly applied, the power density should show the same tendency as the power factor. Since the carrier concentration of the maximum power factor is always higher than that of the ZT [14] , the maximum power density can be located at the right of the maximum point of ZT when the external thermal resistance becomes small enough. However, this case is not likely to occur even if h air is extremely high because the thermal resistance between the body core and the TEG is sufficiently large in the human body application.
As an example of material engineering through doping, this study shows that the carrier concentration of maximum ZT can be different from the carrier concentration of the maximum power density on the human body. Since the shift direction of the power density graph is always to the left, which means lower thermal conductivity, the cause of this difference is considered to be the high thermal conductivity of the thermoelectric material in the device. In order to confirm this, the power density was calculated for various materials with different thermal conductivities. As a result, the difference in the carrier concentration between ZT and power density was reduced for materials with lower thermal conductivity.
In addition, it was shown that the shift of the power density curve by the change of the device parameters such as the FF and Cu thickness could be reduced when a material with low thermal conductivity was used. Environment variables such as air convection conditions can be changed. The carrier concentration of the maximum power density shifts toward that of the maximum ZT with an increase of the convective heat transfer coefficient because the influence of the thermal resistance of the device becomes large with a decrease of external thermal resistance.
This study confirms that it is possible to improve the performance of a thermoelectric device by engineering the material in addition to the conventional method of device structure optimization. To do this, the optimal doping of the material should be determined considering a thermal resistance model, rather than merely ZT improvement. In addition, a material with low thermal conductivity can achieve maximum power density at the same carrier concentration as that yielding the maximum ZT.
These results can be applied not only for doping but also to various material engineering methods that change the thermal conductivity and ZT simultaneously. This study emphasizes the importance of material engineering as well as the device structure in human body applications. Furthermore, while previous studies simply concentrated on the selection of the proper material for the TEG, in this paper, the improvement of the power density was studied from the perspective of material engineering. Based on these results, the researchers have suggested a direction for material engineering.
